In eukaryotic cells, 147 bp of DNA is wrapped around a core histone octamer (including two each of histones H3, H2B, H2A, and H4) to form a nucleosome core particle, the basic structural unit of chromatin (52) . Posttranslational histone modifications, including methylation, acetylation, phosphorylation, ubiquitination, and citrullination, have been found to play a major role in chromatin functions, such as transcription (5, 7, 35, 39, 55) . Moreover, specialized protein domains, including chromo-, bromo-, and tudor domains and PHD fingers, have evolved to recognize histone modification "marks" and to regulate nuclear events following histone modifications (33, 36, 40) . Histone Arg methylation is catalyzed by members of the protein Arg methyltransferase (PRMT) family (11, 57, 61) . The methylation of histones H3 and H4 has been correlated with the expression of nuclear receptor target genes and developmentally regulated genes (6, 30) . In searching for enzymes that can reverse histone Arg methylation, we and others previously reported that a histone Arg demethylimination enzyme, PAD4 (also called PADI4), can convert both Arg and monomethyl-Arg to citrulline, thereby regulating histone Arg methylation (14, 35, 62) . In contrast to the role of histone Arg methylation in transcriptional activation, the demethylimination and citrullination of histones mediated by PAD4 have been found to play a role in transcriptional repression of nuclear receptor target genes (3, 14, 62) . Several mechanisms can be envisioned to explain the functions of histone demethylimination and citrullination. First, demethylimination by PAD4 directly decreases the amount of methyl-Arg on histones; second, citrulline residues cannot serve as the PRMT substrate, thereby preventing the PRMT function; third, citrulline can be recognized by effector proteins that regulate chromatin functions.
The tumor suppressor p53 plays a pivotal role in regulating the cell cycle progression and apoptosis in response to various genotoxic and nongenotoxic stresses (37, 51, 59) . The ability of p53 to function as a sequence-specific transcription factor is critical for its tumor suppressor function. Hundreds of p53 target genes have been identified (25, 37, 59) . These include genes inducing cell cycle arrest, such as p21/WAF1/CIP1 and GADD45, an E3 ubiquitin ligase of p53-MDM2, as well as genes inducing apoptosis, such as PUMA, Bax, and PIG3 (59, 64) . To facilitate the activation of its target genes, p53 recruits several histone acetyltransferases (e.g., p300/CBP, Tip60, and PCAF) (4, 8, 17, 45, 58) . These acetyltransferases play multiple roles in the activation of p53 target genes by acetylating histones as well as p53 itself (4, 17, 20) . In addition, p53 can repress transcription by recruiting corepressors, such as histone deacetylases 1 and 2 (HDAC1 and HDAC2), LSD1, and DNA methyltransferase (22, 27, 29, 37, 38) . Consistent with a role of these proteins in the repression of p21, depletion of HDAC1, HDAC2, and LSD1 has been found to increase the expression of p21 in cells without exposure to DNA damage (23, 29, 54) .
Recently, protein Arg methyltransferases PRMT1 and CARM1 were found to regulate the expression of p53 target genes (1) . An increase of histone Arg methylation was followed by a decrease of this modification on the GADD45 promoter after UV irradiation (1) . How histone Arg methylation is reversed during p53 target gene expression is unknown. Because PAD4 can convert both monomethyl-Arg and Arg in histones to citrulline, we investigated whether PAD4 plays a role in the p53 pathway to regulate gene expression. Here, we report that inhibition or depletion of PAD4 induces the expression of p21 in a p53-dependent manner. PAD4 interacts with p53 and is recruited to the p21 promoter to regulate histone Arg methylation and citrullination. Our studies suggest that p53 plays multifaceted roles in gene regulation by interacting with transcriptional coactivators or corepressors to fine-tune the expression of its target genes.
MATERIALS AND METHODS
Molecular biology and plasmid constructs. Flag-p53 was cloned into the pIRES vector for expression in human cell lines. Glutathione S-transferase (GST)-PAD4, GST-PAD4 , GST-PAD4 , GST-p53, GST-p53 , and GST-p53 were cloned in the pGEX4T1 vector for expression in Escherichia coli strain BL21. Flag-His6-p53 was cloned into pET11a vector for expression in E. coli. The pSG5-PAD4 construct and the pSG5-PAD4C645S mutant construct were described previously (62) . To establish Flag-hemagglutinin (HA)-PAD4-expressing 293T and MCF-7 cell lines, Flag-HA-PAD4 was cloned into the pMIGR1 vector (49) . All constructs were confirmed by DNA sequencing at the Nucleic Acid Facility of Penn State University. Primers for cloning and constructs are available upon request.
Cell culture and treatments with siRNAs, shRNA, Cl-amidine, doxorubicin, and UVC. 293T, p53 Ϫ/Ϫ H1299, MCF-7, and U2OS cells were cultured in Dulbecco modified Eagle medium supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin in a 5% CO 2 incubator. HCT116 p53 ϩ/ϩ and p53
Ϫ/Ϫ cells were cultured in McCoy's 5A medium supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin in a 5% CO 2 incubator. PAD4 SMARTpool small interfering RNAs (siRNAs) were purchased from Dharmacon Inc. A green fluorescent protein (GFP) siRNA (Dharmacon Inc.) was used as a control for the siRNA experiments. siRNAs were transfected using the XtremeGene siRNA transfection reagents (Roche Inc.). Cells were incubated in the presence of the siRNAs for 60 h before analyses. To make the PAD4 short hairpin RNA (shRNA) construct, annealed short hairpin oligonucleotides targeting nucleotides 547 to 565 (5Ј-GCGAAGACCTGCAGGACAT-3Ј) of PAD4 mRNA sequence (NCBI accession no. NM_012387) were cloned into the pHTP vector (60) . For the p53 shRNA construct, annealed short hairpin oligonucleotides targeting nucleotides 1026 to 1044 (5Ј-GACTCCAGTGGTAATCTAC-3Ј) of the p53 mRNA sequence (NCBI accession no. NM_000546.3) were cloned into the pHTP vector. At 12 h after transfection of the shRNA plasmid with Lipofectamine 2000, fresh medium containing 3 g/ml puromycin was added to select transfected cells for 6 days before reverse transcription-PCR (RT-PCR), Western blotting, and flow cytometry analyses. Due to the cell growth disadvantage after PAD4 depletion, each repeat experiment with the PAD4 shRNA was performed using freshly transformed cells. To analyze the effects of doxorubicin on p21 expression, 0.5 M of doxorubicin (Sigma-Aldrich) was added to treat cells for 6 h. Cl-amidine was dissolved in H 2 O as a 10 mM stock solution and diluted to 200 ⌴ in the complete cell culture medium to treat cells in six-well plates. Cells were collected at different time points as indicated in the text after Cl-amidine treatment before RT-PCR and Western blot analyses. For UV irradiation, cells were exposed to 50 J/m 2 of UVC light in a Spectrolinker XL-1000 UV cross-linker (Spectronics Inc.). To analyze cell number changes, 10,000 cells/well were plated in the six-well plates. The Cl-amidine, PAD4 siRNA, or GFP siRNA treatment was performed in triplicate. At 72 h after Cl-amidine treatment or 60 h after PAD4 siRNA treatment, cells were trypsinized and counted using a hepatocytometer. The numbers of cells in the wells without Cl-amidine treatment or with GFP siRNA treatment were normalized to 100%, and the percentage of cell number decrease was calculated by dividing the number of cells after Cl-amidine treatment or PAD4 siRNA treatment by that of the respective control groups and then multiplying that value by 100. Standard deviations were calculated using the Microsoft Excel program.
Western blotting and RT-PCR. To detect histone citrullination by GST-PAD4, Cl-amidine at various concentrations was incubated with 0.5 g of GST-PAD4 for 10 min in the PAD assay buffer (Tris-HCl, pH 7.6, 4 mM dithiothreitol, 4 mM CaCl 2 , 1 mM phenylmethylsulfonyl fluoride) before 2 g of purified histone H3 was added and further incubated for 1 h at 37°C. Western blotting using the anti-Mod-Cit antibody (17-347; Upstate Biotechnology Inc.) was performed essentially as previously described (62) . Other antibodies used for Western blotting included anti-PAD4, a rabbit polyclonal antibody made against a GST-PAD4 fusion protein, anti-p53 monoclonal antibody (clone BP53-12; Sigma), anti-p53 phospho-Ser15 (catalog no. 92 86; Cell Signaling), anti-p21 (P1484; Sigma), anti-H3R17Me (Ab8284; Abcam), H3Cit (Ab5103; Abcam), anti-HA (H9658; Sigma), anti-␤-tubulin (T8535; Sigma), anti-histone H3 (Ab1791; Abcam), and antiactin (A4700; Sigma) at appropriate dilutions. After incubation with the appropriate horseradish peroxidase-conjugated secondary antibody, signals were detected using the Lumi-Light PLUS Western blotting substrate (Roche). For RT-PCR, total RNA was extracted from cells by using the RNeasy minikit (catalog no. 74104; Qiagen). RNA concentrations were measured and normalized using the amount of 18S rRNA. Equal amounts of RNA (0.2 g) were used to perform RT-PCR using the Superscript One-Step RT-PCR kit (10928-042; Invitrogen). Primers used for RT-PCR included p21-RT-forward (5Ј-TCTTGTACC CTTGTGCCTC-3Ј), p21-RT-reverse (5Ј-AACCTCTCATTCAACCGCC-3Ј), GADD45-RT-forward (5Ј-AACGACATCAACATCCTGC-3Ј), GADD45-RT-reverse (5Ј-CCTTCTTCATTTTCACCTCTTTCC-3Ј), CDC25C-RT-forward (5Ј-TGGGGAGATAACTGCCACTC-3Ј), CDC25C-RT-reverse (5Ј-GC TTCAGTCTTGGCCTGTTC-3Ј), MDM2-RT-forward (5Ј-TGGTTGGATC AGGATTCAGT-3Ј), MDM2-RT-reverse (5Ј-TTCCAGTTTGGCTTTCTCAG-3Ј), PUMA-RT-forward (5Ј-TGTGAATCCTGTGCTCTGCC-3Ј), PURMA-RTreverse (5Ј-TTCCGGTATCTACAGCAGCG-3Ј), GAPDH-RT-forward (5Ј-CGA GATCCCTCCAAAATCAA-3Ј), and GAPDH-RT-reverse (5Ј-TGTGGTCATGA GTCCTTCCA-3Ј). PCR signals were detected between 26 and 32 cycles on agarose gels. Gel images were analyzed using the NIH Image J program to quantify the amount of signals.
Immunostaining, TUNEL, and flow cytometry assays. Cell staining was carried out essentially as previously described (62) . For double labeling with terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) and antibody, cells were first fixed with 3.7% paraformaldehyde and TUNEL staining was performed with a DeadEnd Fluorometric TUNEL kit (catalog no. Establishment of FH-PAD4-expressing 293T and MCF-7 cell lines. The PAD4 cDNA with N-terminal Flag and HA tags (FH-PAD4) was cloned into the retrovirus pMIGR1 vector. Stable FH-PAD4-expressing 293T and MCF-7 cell lines were established by retrovirus spinoculation as previously described (49) . Briefly, FH-PAD4/pMIGR1 and amplo plasmids were cotransfected into 293T cells to produce retrovirus. The retrovirus in the supernatant was filtered with an 0.45-m-pore-size filter and was used to infect 293T or MCF-7 cells. FH-PAD4 and GFP were produced from the same bicistronic transcript. GFP-positive cells were enriched by fluorescence-activated cell sorting twice so that over 90% of cells were GFP and FH-PAD4 positive. The percentage of GFP-positive cells was routinely checked using a Zeiss fluorescence microscope.
Nuclear extract preparations, coimmunoprecipitation, and GST pull-down. Nuclear extracts were prepared following a protocol from R. Roeder's laboratory (Rockefeller University) with slight modifications. Briefly, about 1 ϫ 10 8 293T cells or 293T cells expressing FH-PAD4 were collected by scraping to detach the cells from the dishes. Cells were washed twice with PBS and once with hypotonic solution (10 mM Tris-HCl, pH 7.3, 10 mM KCl, 1.5 mM MgCl 2 supplemented with protease inhibitors). The cells were then swelled in 5 ml of hypotonic solution for 10 min and homogenized in a Dounce homogenizer for 15 strokes with a tight pestle. Cell lysis was checked under a microscope. Nuclei were collected by centrifugation at 3,000 rpm for 10 min at 4°C and then extracted with high-salt buffer (20 mM Tris-HCl, pH 7.3, 600 mM KCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 25% glycerol, with protease inhibitors). The extracted nuclear proteins were dialyzed against a medium-salt buffer (20 mM Tris-HCl, pH 7.3, 300 mM KCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 25% glycerol, with 1 mM phenylmethylsulfonyl fluoride). For coimmunoprecipitation of p53 with Flag-PAD4, M2 agarose beads (Sigma; A2220) were incubated with the nuclear extracts at 4°C overnight, washed three times with the medium-salt buffer, and finally washed with Tris-buffered saline. For coimmunoprecipitation of PAD4 with the p53 antibody, the 293T nuclear extracts were loaded on an 11-ml 5 to 30% sucrose gradient in PBS buffer supplemented with protease inhibitors and centrifuged using a Beckman SW28 rotor at 26,000 rpm for 16 h. Fractions were collected from the top of the sucrose gradient. Fractions containing both p53 and PAD4 were pooled and used for coimmunoprecipitation following a previously published protocol (31) . For coimmunoprecipitation of p53 by the PAD4 antibody, 293 nuclear extracts were used. GST pull-down was performed essentially as previously described (31) .
Permanganate footprinting and LM-PCR. U2OS cells (2 ϫ 10 6 ) were washed with PBS and suspended in 100 l PBS. Cells were treated with permanganate by adding 100 l of 20 mM KMnO 4 dissolved in PBS. The permanganate reaction mixture was incubated on ice for 1 min and stopped by the addition of 200 l of stop solution (20 mM Tris-HCl, pH 7.5, 20 mM NaCl, 40 mM EDTA, 1% sodium dodecyl sulfate, 400 mM 2-mercaptoethanol). The solution was vigorously shaken until all coloration had vanished. Each sample was treated with 50 g of proteinase K for at least 1 h and then sequentially extracted with phenol, phenolchloroform-isoamyl alcohol (49.5:49.5:1), and chloroform. DNA was precipitated with 0.3 M sodium acetate (pH 6.0) and ethanol. The DNA pellets were washed with 75% ethanol and dissolved in 20 l Tris-EDTA (TE; pH 7.5). To determine the pattern of permanganate reactivity, 500 ng of each DNA sample was diluted in 15 l TE (pH 7.5). H 2 O (75 l) and piperidine (10 l) were then added, and each sample was incubated at 90°C for 30 min. Three hundred microliters of H 2 O was added to each sample, and then the samples were extracted three times with 700 l isobutanol and once with ether. The volume of the DNA was adjusted to 100 l with H 2 O, and then the DNA was precipitated with ethanol. The DNA was dissolved in 10 l TE (pH 7.5), transferred to a fresh siliconized tube, and further analyzed by ligation-mediated PCR (LM-PCR) (9) . LM-PCR was performed with a set of nested primers, LM-1, LM-2, and LM-3. These primers span the region ϩ235 to ϩ188 nucleotides downstream from the transcription start site of the p21 gene. The sequence and annealing temperature used in the PCR for each of these primers were as follows: LM-1, 5Ј-TTCACCTGCCGCAGAA AC-3Ј (61°C); LM-2, 5Ј-AGAAACACCTGTGAACGCAGCA-3Ј (65°C); and LM-3, 5Ј-CAGCACACACCCGCGAACA-3Ј (68°C).
ChIP. Chromatin immunoprecipitation (ChIP) experiments were carried out essentially as previously described with minor alterations (62) . The chromatin was fragmented to a range of 0.5 to 1 kb after sonication with a Bioruptor (Diagenode Inc.). After the ChIP procedures, the ChIP DNA samples were purified using the Qiagen PCR product purification kit. The PCR primers used to amplify the p21 promoter spanned p53 binding site 2 of the promoter, including p21-ChIP-forward (5Ј-CCAGCCCTTGGATGGTTT-3Ј) and p21-ChIP-reverse (5Ј-GCCTCCTTTCTGTGCCTGA-3Ј). The PCR primers used to amplify the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) promoter were GAPDH-ChIP-forward (5Ј-CAATTCCCCATCTCAGTCGT-3Ј) and GAPDHChIP-reverse (5Ј-TAGTAGCCGGGCCCTACTTT-3Ј). PCR products were analyzed between cycles 29 and 34 of the PCRs. The PCR results shown were representative of three independent ChIP experiments. Real-time quantitative PCRs (Q-PCRs) were performed using the Sybr green reagent (4367659; Applied Biosystems). The Q-PCR primers to detect p53 binding site 1 were forward (5Ј-AGCAGGCTGTGGCTCTGATT-3Ј) and reverse (5Ј-CAAAATAGCCAC CAGCCTCTTCT-3Ј). The Q-PCR primers to detect p53 binding site 2 were forward (5Ј-CTGTCCTCCCCGAGGTCA-3Ј) and reverse (5Ј-ACARCRCAGG CTGCTCAGAGTCT-3Ј). The Q-PCR primers to detect the ϩ182 region of p21 were forward (5Ј-CGTGTTCGCGGGTGTGT-3Ј) and reverse (5Ј-CATTCACC TGCCGCAGAAA-3Ј). These primers have been used to perform Q-PCR in a previous study (19) . Antibodies used for ChIP include anti-RNA polymerase II (Pol II; 8WG16; Covance; MMS-126R), anti-RNA Pol II Ser5 phosphorylation (H14; Covance; MMS-134R), anti-H3R17Me (Ab8284; Abcam), anti-H3Cit (Ab5103; Abcam), and anti-histone H3 (Ab1791; Abcam).
RESULTS

PAD4
inhibitor Cl-amidine activates the expression of the p53 target gene p21. Recently, a PAD4 inhibitor, Cl-amidine (Fig. 1A) , was generated (42) . Cl-amidine is structurally similar to the PAD4 substrate peptidylarginine (Fig. 1B) and inhibits PAD4 by covalent modification of a cysteine residue (Cys645) at the active site of the enzyme (42) . As HDAC inhibitors have been widely used to study HDACs (22, 32) , we postulated that Cl-amidine would be useful to study the cellular functions of PAD4. To test the effect of Cl-amidine in PAD4 inhibition, we first analyzed the ability of Cl-amidine to inhibit PAD4 activity by using histone H3 as a substrate in vitro and measured the efficacy of citrullination. Cl-amidine inhibited histone H3 citrullination by GST-PAD4 in a concentration-dependent manner ( Fig. 1C and D) . Under the experimental conditions applied, Cl-amidine inhibited more than 50% of the PAD4 activity at the 50 M concentration, whereas over 90% inhibition was reached with 200 M of Cl-amidine (Fig. 1D) .
The dosage dependency of Cl-amidine inhibition of PAD4 in cells has been described using a reporter assay system (42) . To test the effects of Cl-amidine and the inhibition of PAD4 on cell growth and proliferation, we treated the osteosarcoma U2OS cells with 200 M of Cl-amidine. At 3 days after treatment, the number of Cl-amidine-treated cells was decreased to 48.3% Ϯ 3.6% (n ϭ 3) of that of the untreated cells ( Fig. 2A) . Western blotting found that the doublet bands of PAD4 in U2OS cells were unchanged after treatment with Cl-amidine ( Fig. 2B ), suggesting that Cl-amidine treatment did not affect the stability of PAD4. PAD4 was previously shown to convert methyl-Arg residues in histones to citrulline. If Cl-amidine inhibits PAD4 in cells, we postulated that histone citrullination would decrease, while histone Arg methylation would increase upon Cl-amidine treatment. In agreement, an ϳ2.2-fold increase of histone H3 Arg17 methylation as well as a ϳ50% decrease of histone H3 citrullination was detected (Fig. 2B) . Because histone Arg methylation has been correlated with the activation of p53-mediated transcription (1) and Cl-amidine treatment decreased cell growth ( Fig. 2A) , the expression of p21, a p53 target gene encoding a cyclin-dependent kinase inhibitor (16, 24, 65) , was tested. About a 5.8-fold increase of the p21 protein was detected after Cl-amidine treatment (Fig.  2B) . To test whether the increase of p21 is due to the increase of p21 transcription, RT-PCR experiments were performed and an increase of p21 mRNA was detected after the treatment of U2OS cells with Cl-amidine for 24 h (see Fig. S1A in the supplemental material). Thus, Cl-amidine may inhibit cell growth by activating the p53 target genes. To test whether p21 induction by Cl-amidine is dependent on p53, RT-PCR experiments were performed in the p53 Ϫ/Ϫ lung carcinoma cell line H1299. In the absence of p53, the p21 mRNA was undetectable before and after Cl-amidine treatment in H1299 cells (see Fig. S1B in the supplemental material) . Further, the expression levels of PAD4 in U2OS cells and H1299 cells were comparable (see Fig. S1C in the supplemental material).
Since p53 is important in the expression of p21, we also examined the level of p53 proteins. Intriguingly, treatment with Cl-amidine increased the amount of the p53 protein in U2OS cells (Fig. 2B) . Various genotoxic and nongenotoxic stresses stabilize p53 and often lead to the phosphorylation of multiple serine sites in p53, including the Ser15 site, by ATR, ATM, and extracellular signal-regulated kinases (8, 51) . To test whether Cl-amidine treatment imposed a stress leading to the activation of p53, the phosphorylation of p53 at Ser15 was tested. An increase of p53 Ser15 phosphorylation in parallel with the increase of p53 was detected (Fig. 2B) , suggesting that the increase of p53 Ser15 phosphorylation may be a result of the increase in the total p53 or the activity of an upstream kinase.
To further test whether the induction of p21 by Cl-amidine depends on p53, we first depleted p53 by shRNA in U2OS cells. The knockdown of p53 by the pHTP/p53-shRNA plasmid was confirmed by Western blotting (Fig. 2C) . After treatment of cells with Cl-amidine, p21 expression was increased ϳ4-fold (4.0-Ϯ 0.18-fold, n ϭ 3) in cells transfected with a control pHTP plasmid (Fig. 2C, lanes 1 and 2) but not in cells after p53 depletion (Fig. 2C, lanes 3 and 4) . We also examined the induction of p21 by Cl-amidine in the isogenic p53 ϩ/ϩ and p53 Ϫ/Ϫ colorectal carcinoma HCT116 cells, which express similar amounts of PAD4 but differ in their p53 expression (see Fig. S1D in the supplemental material). Western blotting showed that p21 expression was increased by 7.7-Ϯ 1.3-fold (n ϭ 3) in the p53 ϩ/ϩ HCT116 cells (Fig. 2D, lanes 1 and 2) but not in the p53 Ϫ/Ϫ HCT116 cells (Fig. 2D, lanes 3 and 4) , suggesting that the activation of p21 by Cl-amidine is p53 dependent. The lower PAD4 band of the PAD4 doublets in the HCT116 cells was not visualized at short exposure. Also noted is that the amount of p53 was not significantly increased in the HCT116 p53 ϩ/ϩ cells after Cl-amidine treatment (Fig. 2D) . To test whether Cl-amidine treatment can increase p21 expression in other cancer cell lines, we tested MCF-7 cells, in which the expression of PAD4 is inducible by estrogen (14, 15) . Cl-amidine treatment activated the expression of p21 in the p53 ϩ/ϩ MCF-7 cells without elevating the amount of p53 (see Fig. S1E in the supplemental material). Taken together, these results suggest that the inhibition of PAD4 can lead to the increase of p21 expression in a p53-dependent manner.
Depletion of PAD4 increased the expression of a subset of p53 target genes and apoptosis. To inhibit PAD4 functions using an alternative method, we depleted PAD4 from U2OS cells by RNA interference. PAD4 siRNA treatment caused an ϳ60% decrease in PAD4 and an ϳ6-fold increase in p21 protein relative to that of the control siRNA treatment (Fig. 3A) , suggesting that PAD4 negatively regulates the expression of p21 in U2OS cells. To analyze whether p53 depletion affects other p53 target genes, RT-PCR experiments were performed. Depletion of PAD4 in U2OS cells had essentially no effect on transcription of MDM2 and CDC25C, target genes directly repressed by p53 (38) (Fig. 3B) . In contrast, GADD45, PUMA, and p21 exhibited approximately a twofold increase in expression (Fig. 3B) , suggesting that the depletion of PAD4 activates a subset of p53 target genes. To test whether the increase in p21 expression by PAD4 depletion is p53 dependent, PAD4 siRNA treatment was performed in U2OS cells with stable transfection of the p53-shRNA plasmid or with the control pHTP plasmid. We found that the depletion of PAD4 by siRNA increased the expression of p21 by 4.5-Ϯ 0.4-fold (n ϭ 3) in the cells transfected with the pHTP plasmid (Fig. 3C,  lanes 1 and 2) but not in cells with p53 depletion (Fig. 3C, lanes  3 and 4) . These results indicate that the increase in p21 expression after PAD4 depletion in U2OS cells is p53 dependent.
The RT-PCR analyses showed that the depletion of PAD4 increased the expression of certain p53 target genes regulating cell cycle progression and apoptosis. In agreement with the gene expression results, we found that the number of U2OS cells treated with the PAD4 siRNAs was 52.3% Ϯ 4.3% (n ϭ 3) of that of the GFP siRNA-treated cells (Fig. 3D) , suggesting a decrease in cell growth or an increase in cell apoptosis after PAD4 siRNA treatment. To detect whether PAD4 siRNA treatment led to apoptosis, we carried out fluorometric TUNEL analyses and found that 25.3% Ϯ 3.1% (52/205, n ϭ 3) of U2OS cell were TUNEL positive after 60 h of treatment with PAD4 siRNAs. In contrast, only ϳ1.6% (4/244) of U2OS cells treated with the GFP siRNAs were TUNEL positive. To analyze the relationship of PAD4 with apoptosis, we performed staining with the PAD4 antibody, TUNEL, and the DNA dye Hoechst stain. After the GFP siRNA treatment, each cell had a comparable amount of PAD4, and TUNELpositive cells were rarely detected (Fig. 3E, a to c) . In contrast, after the PAD4 siRNA treatment, cells with decreased PAD4 were positively stained by TUNEL (Fig. 3E, d to f) . Another set of representative images of the PAD4, TUNEL, and Hoechst staining of U2OS cells after PAD4 siRNA treatment is shown in Fig. S2 in the supplemental material. These results indicate a correlation between the decrease in PAD4 and the increase in apoptosis. Depletion of PAD4 induced the expression of p21, apoptosis, and cell cycle arrest in a p53-dependent manner in HCT116 cells. The p21 gene has served as a model for studying gene regulation by p53 (4, 17, 18, 29, 58 ). In the rest of this report, we used the p21 gene as a model to characterize the role of PAD4 in gene regulation. To test whether the increase of p21 expression by PAD4 depletion is p53 dependent in the isogenic p53 ϩ/ϩ and p53 Ϫ/Ϫ HCT116 cells, we transfected these cells with the pHTP or the pHTP/PAD4-shRNA plasmid. The depletion of PAD4 by the PAD4 shRNA was confirmed by Western blotting (Fig. 4A) . Compared to cells treated with the pHTP plasmid, Western blotting showed that PAD4 depletion increased the expression of p21 by 2.3-Ϯ 0.3-fold (n ϭ 3) in the p53 ϩ/ϩ HCT116 cells (Fig. 4A, lanes 1 and 2) but not in the p53 Ϫ/Ϫ HCT116 cells (Fig. 4A, lanes 3 and 4) . This increase in p21 protein was accompanied by a 2.5-Ϯ 0.4-fold (n ϭ 3) increase in the p21 mRNA in the p53 ϩ/ϩ HCT116 cells (Fig.  4B) . These results suggest that the increase in p21 expression after PAD4 depletion is p53 dependent in HCT116 cells.
To test whether the apoptosis caused by PAD4 depletion was p53 dependent, flow cytometry experiments were performed. After the transfection of PAD4 shRNA and puromycin selection for 6 days, we found that the percentage of apoptotic cells was increased to 47.4% Ϯ 1.8% (n ϭ 3) in the p53 ϩ/ϩ HCT116 cells transfected with the PAD4 shRNA (Fig.  4C , column 2) compared to 23.3% Ϯ 3.8% (n ϭ 3) apoptotic cells in the p53 ϩ/ϩ HCT116 cells transfected with the pHTP vector (Fig. 4C, column 1) . The percentage of apoptotic cells was not significantly increased in the p53 Ϫ/Ϫ HCT116 cells transfected with the PAD4 shRNA compared to cells transfected with the pHTP vector (Fig. 4C, compare columns 3 and  4) . These results show that PAD4 depletion increased the percentage of apoptotic cells in a p53-dependent manner in HCT116 cells. The high levels of apoptotic cells after the pHTP vector transfection in both p53 ϩ/ϩ and p53 Ϫ/Ϫ HCT116 cells were likely due to the puromycin treatment, which kills untransfected cells. p53 target genes, such as p21, are involved in the regulation of the cell cycle progression (24, 65) . The increase in the expression of p21, a cell cycle inhibitor, prompted us to analyze the cell cycle progression after PAD4 depletion. Flow cytometry analyses showed that the depletion of PAD4 by shRNA increased the population of G 1 cells with a concomitant decrease of the S and G 2 /M cells in the p53 ϩ/ϩ HCT116 cells (Fig. 4D, top panels) but not in the p53 Ϫ/Ϫ HCT116 cells (Fig.  4D, bottom panels) , suggesting that the depletion of PAD4 caused a G 1 cell cycle block in a p53-dependent manner.
Interaction of PAD4 and p53 provides a mechanism for promoter targeting of PAD4. p53 is known to recruit corepressors, such as HDAC1 and HDAC2, to regulate gene expression (22, 27, 29, 37, 38) . Because PAD4 has no distinguishable motif for DNA binding and the inhibition of PAD4 increased p21 expression, we postulated that PAD4 might be targeted to specific gene promoters by transcription factors, such as p53, to modify histones. To test this idea, we first established a Flag-HA-PAD4 (FH-PAD4)-expressing 293T cell line to analyze the possible interaction between PAD4 and p53. We found that p53 was retained by the ␣-Flag M2 agarose beads from 293T cells expressing FH-PAD4 but not from 293T cells without FH-PAD4 expression (Fig. 5A) . Lanes 1 to 4 had 5, 2.5, 1.25, and 0.625% of the input protein samples, respectively. To further test if endogenous PAD4 and p53 interact, we performed coimmunoprecipitation experiments and found that PAD4 was coimmunoprecipitated from 293T nuclear extracts by a p53 monoclonal antibody but not by the normal mouse immunoglobulin G (IgG) (Fig. 5B) . Since a PAD4-interacting protein, the simian virus 40 T antigen, is present in the 293T cells, we also performed coimmunoprecipitation experiments in 293 nuclear extracts and found that p53 was coimmunoprecipitated by the PAD4 antibody but not by the normal rabbit IgG (see Fig. S3A in the supplemental material) .
Structural studies showed that PAD4 has two N-terminal immunoglobulin-like domains (IgL1 and IgL2) and a C-terminal catalytic domain (2) (illustrated in Fig. 5C ). To test the domain of PAD4 interacting with p53, we generated constructs expressing GST-PAD4 and its derivatives, GST-PAD4
IgL1 and GST-PAD4 IgL1&2 (Fig. 5C ). GST fusion proteins expressed and purified from E. coli (see Fig. S3B in the supplemental material) were used in GST pull-down experiments. Both GST-PAD4 and GST-PAD4
IgL1&2 but not GST-PAD4 IgL1 was able to pull down p53 from 293T nuclear extracts (Fig. 5D) , suggesting that the two immunoglobulin-like domains of PAD4 were sufficient to mediate the interaction of PAD4 and p53, while the IgL1 domain alone was not.
p53 has an N-terminal activation domain, a middle DNA binding domain, and a C-terminal regulatory domain (34) (illustrated in Fig. 5E ). To map the region of p53 important for its interaction with PAD4, we prepared GST-p53 full-length, GST-p53 1-300 , and GST-p53 301-393 fusion proteins (see Fig.  S3C in the supplemental material). After incubating the GST fusion protein beads with HA-PAD4 expressed in 293T cells, we found that GST-p53 full length and GST-p53 301-393 retained PAD4 but GST-p53 1-300 did not (Fig. 5F ). Together, the above GST pull-down experiments showed that the C-terminal regulatory domain of p53 interacts with the N-terminal immunoglobulin-like domains of PAD4 (illustrated in Fig. 5G ).
To test whether p53 and PAD4 directly interact, His6-Flagp53 and GST-PAD4 expressed and purified from E. coli (see Fig. S3D and S3E in the supplemental material) were used in pull-down experiments. We found that GST-PAD4 agarose beads retained the His6-Flag-p53 fusion protein (Fig. 5H) , suggesting that PAD4 and p53 can interact directly. Taken together, the above protein-protein interaction studies suggest that p53 could target PAD4 to gene promoters.
Dynamic changes in PAD4 association and histone Arg modifications at the p21 promoter following UV irradiation. After genotoxic stress, such as UV irradiation, p53 is stabilized and transported to the nucleus to activate downstream target genes, such as p21 (18, 37, 59) . The induction of p21 as well as the binding of p53 and Pol II to the p21 promoter after UVC treatment in U2OS cells was documented previously (18) . Further, the activation of the p21 promoter was fast and transient, occurring within the first 2 h after UVC treatment (18) . We used this established model system to investigate histone Arg modifications and PAD4 functions at the p21 promoter at different time points after UV irradiation by ChIP analyses in U2OS cells.
The p21 promoter has two p53 binding sites, p53BS1 and p53BS2 (Fig. 6A) . Before UV treatment, a low amount of p53 was detected on p53 binding site 2 of the p21 gene, which gradually increased following UV irradiation (Fig. 6B ). In contrast, PAD4 was detected at the 0-h time point and then decreased at 0.5-and 1-h time points and increased at 2-and 6-h time points following UV irradiation. Western blotting showed that the amount of p53 increased while the amount of PAD4 remained constant after UVC treatment (see Fig. S4A in the supplemental material), suggesting that the disassociation of PAD4 at 0.5-and 1-h time points was not caused by the decrease in PAD4. As a control, we found that p53 and PAD4 were not recruited to the housekeeping gene GAPDH promoter before and after UV irradiation (Fig. 6C) , suggesting a VOL. 28, 2008 p53 TARGET GENE REGULATION BY PAD4 4751
gene-specific association of these factors with the p21 promoter. Given that p21 was quickly and transiently expressed after UVC treatment (18), we postulated that the disassociation of PAD4 at the 0.5-and 1-h time points might allow the expression of p21.
To test whether histone citrullination occurs at the p21 promoter, we carried out ChIP experiments using an antibody against citrullinated histone H3 (H3Cit), which was made against a histone H3 peptide (residues 1 to 20) containing citrulline at positions 2, 8, and 17 (14) . Histone H3 citrullination at p53 binding site 2 was detected before UV irradiation (Fig. 6B) , suggesting that PAD4 is active on the p21 promoter in U2OS cells before exposure to genotoxic stress. Following UV irradiation, we detected a decrease in histone H3 citrullination at 0.5 and 1 h followed by an increase at 2-and 6-h time points (Fig. 6B ). This decrease in histone citrullination correlated temporally with the decrease in PAD4 on the promoter. In contrast, histone H3R17 methylation first increased (0.5 and 1 h) and then decreased (2 and 6 h) after UV irradiation. Thus, there is an inverse correlation between the amount of histone H3R17 methylation and the amount of H3 citrullination at the p21 gene promoter following UV irradiation.
To better quantify changes in histone H3 citrullination and Arg methylation as well as PAD4, we performed Q-PCR assays of the ChIP samples. Consistent with the results in Fig. 6B , H3Cit was decreased at 1 h and then increased at 6 h on both p53 binding site 1 and site 2 after UVC treatment (Fig. 6D and  F) , while H3R17 methylation was first increased at 1 h and then decreased at the 6-h time point (Fig. 6D and F ). An initial decrease of PAD4 at 1 h followed by an increase at 6 h on both p53 binding sites was also detected by Q-PCR ( Fig. 6D and F) . To analyze whether PAD4 preferentially associates with the p53 binding sites, we performed Q-PCR to analyze the association of PAD4 with the ϩ182-bp region of p21. Consistent with a role for p53 in the recruitment of PAD4, the amount of PAD4 at the p53 binding sites was much higher than that at the ϩ182-bp region (see Fig. S4B in the supplemental material) .
To monitor whether the nucleosome density at the p53 binding sites changes after UV irradiation, we performed ChIP assays with a histone H3 antibody and found that histone H3 was decreased at both p53 binding sites with different kinetics (see Fig. S4C and S4D in the supplemental material), suggesting that histone octamers were repositioned or evicted from the p53 binding sites after UVC treatment. To reflect changes in H3, H3 citrullination and H3R17 methylation results were normalized to the total amount of histone H3 (Fig. 6E and G) . Although the relative values were altered, the trend of changes in H3 citrullination and H3R17 methylation was similar to that before normalization.
PAD4 is recruited to the p21 promoter in a p53-dependent manner. To test whether p53 mediates the recruitment of PAD4 to the p21 promoter, we first performed ChIP experiments in p53 Ϫ/Ϫ H1299 cells with or without the transfection of a p53-expressing plasmid. The expression of p53 was confirmed by Western blotting (Fig. 7A) . The association of PAD4 with p53 binding site 2 of the p21 promoter was not detected in cells without p53 expression (Fig. 7B, upper panel) but was detected in cells with p53 expression (Fig. 7B, middle panel) . As a control, we found that neither p53 nor PAD4 was detected on the GAPDH gene promoter (Fig. 7B, bottom panel) . These results indicate that expression of p53 in the p53 Ϫ/Ϫ H1299 cells is sufficient to recruit PAD4 to the p21 promoter.
To further analyze whether the dynamic association of PAD4 with the p21 promoter after UV irradiation is p53 dependent, we performed ChIP assays in U2OS cells without or with p53 depletion using the cell lines as described for Fig. 2C and 3C. In the stable U2OS cell line transfected with the control pHTP plasmid, p53 gradually accumulated at p53 binding sites 1 and 2 ( Fig. 7C and 7E, columns 1 to 3) , while much less p53 was detected at these sites after p53 depletion (Fig. 7C  and 7E , columns 4 to 6). Dynamic PAD4 association with p53 binding sites 1 and 2 was detected in cells without p53 deple- Fig. 7D and 7F, columns 1 to 3) . In contrast, after p53 depletion, the amount of PAD4 at the p53 binding sites was dramatically decreased (Fig. 7D and 7F , columns 4 to 6), indicating that the association of PAD4 with the p21 promoter is p53 dependent. Taken together, these results support the hypothesis that p53 facilitates PAD4 recruitment to the p21 promoter. Detection of paused and elongating RNA Pol II by ChIP and permanganate footprinting. The C-terminal domain (CTD) of the largest subunit of human RNA Pol II is composed of 52 repeats of a heptad sequence (YSPTSPS) and becomes phosphorylated on Ser5 during transcriptional initiation (50, 56) . To relate the changes in histone modifications to the recruitment of the basal transcriptional machinery, we analyzed the recruitment of RNA Pol II to the p21 promoter. ChIP analyses using a monoclonal antibody (8WG16) against unmodified Pol II CTD showed that Pol II was present at the ϩ182 region of p21 before UV irradiation (Fig. 8A) and was increased at 1 h and then decreased ϳ10-fold at the 6-h time point (Fig. 8A) . These kinetic changes suggest that Pol II is associated with the p21 promoter before UV irradiation in a repressed state and that an additional mechanism of repression occurs 6 h after UV treatment, leading to the loss of Pol II. The phosphorylation of Ser5 of Pol II CTD has been detected on Pol II in close proximity to the transcription start site of active genes or genes with paused RNA Pol II (18, 50, 56) . ChIP with an antibody that recognizes the CTD phosphorylated on Ser5 revealed an increase in Pol II Ser5 phosphorylation up to 1 h after UV http://mcb.asm.org/ irradiation followed by a dramatic decrease at 6 h (Fig. 8A) . These ChIP data with Pol II antibodies are in agreement with previously reported observations (18) . The association of RNA Pol II and the Ser5 phosphorylation of RNA Pol II CTD suggests that RNA Pol II might be paused at this promoter before UV irradiation. To obtain more insight into the behavior of Pol II at the p21 promoter in response to UV irradiation, we performed permanganate footprinting. Permanganate preferentially reacts with thymines (T's) in transcription bubbles associated with RNA Pol II engaged in transcription, thereby detecting both paused and elongating Pol II (9) . This technique detects transcriptionally engaged Pol II and maps the locations of these Pol II molecules with a resolution of about 15 bp and is thereby an ideal method to monitor transcriptional activity of Pol II following gene activation.
Permanganate footprinting analyses of U2OS cells before UV irradiation detected hyperreactive thymines at positions 9, 11, 36, 38, and 50 of p21 (Fig. 8B, lane 4) , suggesting that Pol II is paused in this region. At 30 min and 1 h after UV treatment, we observed increases in the permanganate reactivity at positions 91 and 152, indicating active transcription (Fig. 8B,  lanes 5 and 6) . The permanganate reactivity that persisted in the region proximal to the transcription start site (e.g., ϩ9, ϩ11, etc.) probably reflects reinitiation by Pol II and transient pausing as previously seen on the hsp70 heat shock gene (48) . Interestingly, there were significant changes in the permanganate reactivity from the 1-h to the 2-h time point following UV irradiation. The permanganate reactivity at ϩ91 and ϩ152 decreased (Fig. 8B, lanes 7 and 8) , suggesting that active transcription had stopped. Even more intriguing, the permanga- nate reactivity in the promoter-proximal region vanished, suggesting that the association of Pol II with the p21 promoter becomes blocked. Our permanganate footprinting results fit very well with our ChIP data. The Pol II detected by ChIP before UV irradiation could be paused Pol II producing permanganate reactivity in the promoter-proximal region. The increase in Pol II detected by ChIP within 1 h of UV irradiation corresponded to Pol II molecules undergoing active elongation and reinitiation as indicated by the increased permanganate reactivity downstream from the promoter-proximal region. Finally, at the 6-h time points, both assays showed a decrease in Pol II below the level observed prior to UV treatment.
DISCUSSION
In this study, we provide evidence that PAD4 is recruited by p53 to the p21 gene to repress transcription. This conclusion is based on several independent types of experiments. Inactivation of PAD4 with an inhibitor and depletion of PAD4 with siRNA or shRNA both increased the level of p21 transcription. The increase of p21 expression by PAD4 inhibition or depletion was p53 dependent. The results of the siRNA treatment probably underestimate the extent of this increase because immunofluorescence analyses indicate that only a fraction of the cells were depleted of PAD4 by our siRNA protocol. Biochemical assays indicated that p53 interacts with PAD4 both in cells and when combined as purified proteins. ChIP analyses found that the association of PAD4 with the p21 promoter is p53 dependent. Finally, our kinetic analyses of protein association with the p21 promoter following UV induction indicate that PAD4 was associated with p21 when the promoter was repressed but decreased when the promoter was active. The increase in histone Arg methylation and the decrease in histone citrullination occurred when the promoter was active. Conversely, the increase in histone citrullination and the decrease in histone Arg methylation occurred when the promoter was repressed. Interestingly, the permanganate footprinting identified two distinct repressed states. One involved a paused Pol II that was detected in the promoter-proximal region before UV induction. The other was at 2 to 6 h after UV induction when the promoter seemed to shut off due to the absence of Pol II recruitment to the promoter.
Based on the above results, we propose a model in which the expression of p21 is controlled at the "steady," "on," and "off" stages after UVC treatment (see the model in Fig. 8C ). (i) In cells without exposure to DNA damage, PAD4 and histone citrullination maintain histone Arg methylation and the transcription of p21 at a low level. RNA Pol II bound to p21 is in a nonproductive and paused state. (ii) Shortly after UV irradiation, histone Arg methylation increases while histone citrullination decreases. These changes in histone Arg modifications correlate with the "on" stage of gene expression. (iii) At a later stage following UV treatment, when the expression of p21 is turned "off," histone citrullination mediated by PAD4 increases with a concomitant decrease of histone Arg methylation and RNA Pol II associated with p21. Two factors, the PAD4 activity and the histone dynamics, could contribute to the decrease in histone Arg methylation.
An et al. have first shown that histone Arg methylation mediated by CARM1 and PRMT1 activates p53-mediated gene expression (1) . In this study, we found that PAD4 is involved in repressing the expression of a subset of p53 target genes, including p21, GADD45, and PUMA. We focused on the p21 gene to analyze the kinetics of PAD4 association, histone Arg methylation, and citrullination and relate chromatin events to the RNA Pol II activities at the promoter. Inhibition or depletion of PAD4 increased p21 expression in cells without DNA damage treatment, suggesting that PAD4 is involved in repressing the p21 expression under regular culture conditions. In addition, both histone Arg methylation and citrullination were detected on the p21 promoter before DNA damage, suggesting that a dynamic balance of histone Arg methylation and citrullination is reached by two opposing enzymatic activities mediated by CARM1 and PAD4, respectively. Dynamic changes of histone Arg methylation and citrullination were detected on the p21 gene promoter after UV irradiation. In particular, a decrease of PAD4 and histone citrullination as well as an increase of histone Arg methylation was temporally correlated with the rapid and transient activation of p21. This quick but brief activation of gene expression has been detected by several different approaches, including RNA fluorescent in situ hybridization (18) , permanganate genomic footprinting (this study), and ChIP with the RNA Pol II antibodies (reference 18 and this study). It is unknown what regulates the dissociation of PAD4 from p21 during the "on" stage of gene expression. The C-terminal regulatory domain of p53 is subjected to many posttranslational modifications, including methylation, acetylation, and phosphorylation (8, 13, 21, 28, 37) . p53 phosphorylation and acetylation play a role in recruiting protein factors, such as 14-3-3 (63) and p300/CBP (4, 17, 45) , respectively. Whether p53 modifications negatively regulate the PAD4 and p53 interaction will be explored in our future experiments.
It is very striking that the amount of RNA Pol II on the p21 promoter decreased dramatically following an initial activation within 2 h after UV treatment. Therefore, under the condition of UV irradiation, there is a decrease in the rate of RNA Pol II reinitiation to repress gene expression. ChIP experiments found that the amount of p53 associated with the p21 promoter remained at a high level even after the decrease of the amount of RNA Pol II, suggesting that the association of p53 with the p21 promoter was not enough to mediate continued transcription. Interestingly, PAD4 and histone citrullination were detected at high levels around the time points when RNA Pol II reinitiation was decreased. It is possible that p53 recruits a different set of chromatin-modifying factors, such as PAD4, to the p21 promoter to generate a chromatin structure unfavorable for continuing RNA Pol II recruitment and transcription. It remains unknown whether various stress signals affect the expression of p21 by regulating RNA Pol II recruitment. At least, under the condition of stalled DNA replication after hydroxyurea treatment, the lack of p21 induction was found to be due to the decrease of Pol II elongation (44) . Thus, the p21 gene expression can be regulated at multiple steps of the transcription cycle, including initiation and elongation.
The expression of PAD4 in MCF-7 cells is induced by estrogen (14, 15) , a hormone that increases the cell growth rate. On the other hand, PAD4 is highly expressed in HL-60 cells after retinoic acid treatment (46) , which induces the terminal differentiation of HL-60 cells along the granulocyte lineage, suggesting that PAD4 may play a unique role in granulocytes/neutrophils. However, whether PAD4 plays cell-specific roles in cell growth or differentiation is unclear. Our studies showed that PAD4 might facilitate cell growth by repressing the p53 target genes in MCF-7, U2OS, and HCT116 cells. This would be consistent with a report showing that PAD4 is overexpressed in multiple human cancers (10) . On the other hand, a recent report showed that the overexpression of PAD4 eventually led to apoptosis of both HL-60 and Jurkat cells (41) , suggesting that PAD4 has a proapoptotic role in the hematopoietic cells. It was also reported that the overexpression of PAD4 in Jurkat cells increased the amounts of p53 and p21 and induced apoptosis (41) . However, p53 in Jurkat cells carries multiple point mutations (12) , and Jurkat cells did not respond to DNAdamaging drugs to express p21 (26, 43) . Further, Jurkat cells did not respond to gamma irradiation to stabilize p53 (53) . Together, these reports suggest that Jurkat cells do not have a functioning p53 pathway. Because Liu et al. reported that PAD4 can induce apoptosis also in HL-60 cells (41) , which are p53 Ϫ/Ϫ , the proapoptotic function of PAD4 is not p53 dependent in HL-60 cells. Our results showed that the Jurkat cells had very low levels of p53 and an undetectable amount of p21 (see Fig. S5A in the supplemental material). When PAD4 was overexpressed in Jurkat cells by transient transfection, the increase of p53 or p21 was not observed (see Fig. S5B in the supplemental material). Further, breast cancer MCF-7 cells stably expressing FH-PAD4 did not show an increase of apoptosis (data not shown). Western blot analyses indicated that the amount of p53 and p21 protein in the Flag-HA-PAD4/MCF7 cells was decreased (see Fig. S5C in the supplemental material), suggesting that PAD4 has a repressive role for p53 in MCF-7 cells. Therefore, the mechanism by which PAD4 overexpression induces apoptosis in hematopoietic cancer cells remains to be further explored.
Our current understanding of the PAD4 and histone citrullination regulation is very limited. Histone citrullination has been detected on the estrogen-responsive pS2 gene promoter (14, 62) and the p21 promoter (this study). The interaction of PAD4 with a particular transcription factor, such as p53, likely increases the local concentration of PAD4 around specific promoters and facilitates its modification of histones to regulate gene expression. On the other hand, global histone citrullination is maintained at a very low level in differentiated HL-60 cells (47, 62) and MCF-7 cells (14) . Multiple mechanisms can be proposed for the metabolic destiny of citrulline in histones, including the replacement of citrullinated histones with histone variants and the eviction of nucleosomes during gene expression, as well as enzyme-catalyzed conversion of citrulline to Arg by another yet-to-be-identified protein.
